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Abstract
Rice (Oryza sativa L.) supplies nourishment to about half of the population of the 
world’s inhabitants. Of them, more than 2 billion people suffer from ‘hidden hunger’ 
in which they are unable to meet the recommended nutrients or micronutrients from 
their daily dietary intake. Biofortification refers to developing micronutrient-rich diet 
foods using traditional breeding methods and modern biotechnology, a promising 
approach to nutrition enrichment as part of an integrated strategy for food systems. To 
improve the profile of rice grain for the biofortification-related traits, understanding 
the genetics of important biofortification traits is required. Moreover, these attributes 
are quantitative in nature and are influenced by several genes and environmental 
variables. In the course of past decades, several endeavours such as finding the impor-
tant quantitative trait loci (QTLs) for improving the nutrient profile of rice seeds were 
successfully undertaken. In this review, we have presented the information regarding 
the QTLs identified for the biofortification traits in the rice.
Keywords: QTLs, biofortification, malnutrition, hidden hunger, marker-assisted 
breeding
1. Introduction
Rice (Oryza sativa L.) provides energy and nutrition to almost half of the world’s 
population [1]. In most developing countries, especially in Asia, rice is consumed in 
significant quantities and is the main component diet. In the present scenario, high-
yielding rice varieties are low in mineral elements. Milled or polished rice is not 
a significant source of any major mineral elements, and therefore, it cannot meet 
up with the recommended daily dietary intake for mineral elements. Moreover, 
around 792.5 million people across the world are malnourished, out of which 780 
million people live in developing countries [2]. Thus, most rice-eating, resource-
poor people in Southeast Asia, Africa, and Latin America suffer from chronic 
micronutrient malnutrition, often referred to as hidden hunger [3]. Protein-energy 
malnutrition affects 25% of children those with the dietary intake of predominantly 
rice, and staple crops have low levels of an essential amino acid [4]. Further, rice has 
relatively low (8.5%) protein content as compared to other cereals such as wheat, 
barley, and millets. Moreover, the average protein content in milled rice is around 
7%. However, the total seed protein content of rice consists of 60–80% glutelin and 
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20–30% prolamin [5]. Interestingly, rice supplies about 40% of the total protein 
requirement of humans in developing countries [6].
Phytate is a crucial mineral storage compound in seed, with a mixed cation salt 
of phytic acid accounting for approximately 75% of total seed phosphorus content 
[7]. The significant portion of the phosphorus taken from the soil by plants is 
ultimately translocated to the seed and further synthesised into phytic acid. Phytate 
is vital for the development of seeds and also as an antioxidant, anticancer agent, 
lowering chronic disease rates, and preventing coronary disease [8]. Phytic acid 
is known as an anti-nutritional factor because it forms complexes in seeds with 
proteins and essential minerals such as Fe, Zn, and Ca [9] and leads to the impair-
ment of the bioavailability of the same.
Mineral elements are critical for several cellular and metabolic activities [10]. 
Biofortification of staple crops provides a sustainable methodology to triumph over the 
mineral deficiency. Attempts were made for the development, release, and distribu-
tion of biofortified crops with the help of agronomic practices and biotechnological 
techniques and also by using plant breeding methods. Various old rice varieties with 
high grain iron and zinc content were screened, and breeding methods with improved 
agronomic characteristics combined the higher mineral characteristics. In 2013, the 
Bangladesh Rice Research Institute released zinc-enriched rice varieties (BRRIdhan 
62, BRRIdhan 72, and BRRIdhan 64), claiming to contain 20–22 ppm of zinc in brown 
rice. An improved line (IR68144-3B-2-2-3) has been identified in India and Philippines 
in a cross between a high-yielding variety (IR72) and a large, traditional variety 
(ZawaBonday) with a top grain iron concentration about 21 ppm in brown rice [11].
Similarly, Jalmagna, a traditional variety with almost double the iron and zinc 
concentration of common rice variety, has been identified for further breeding pro-
grams to improve iron and zinc concentration by nearly 40 percent more than that of 
conventional rice variety [11]. ICAR-Indian Institute of Rice Research, Hyderabad, 
Telangana, developed biofortified pure line variety, DRR Dhan 45. It possesses high zinc 
(22.6 ppm) in polished grain. It has been released and notified in 2016 for Karnataka, 
Tamil Nadu, Andhra Pradesh, and Telangana. Its average grain yield is 50.0 q/ha. It 
matures in 125–130 days [12, 13]. Another pure line variety DRR Dhan 49 with high zinc 
(25.2 ppm) in polished grain is released and notified in 2018 for Gujarat, Maharashtra, 
and Kerala. Its average grain yield is 50.0 q/ha and matures in 125–130 days [13].
Mineral element accumulation in the grain is a complex process and is highly 
influenced by environmental factors. This resulted in less effective early-generation 
phenotypic selections for mineral grain elements and slowed progress in the breed-
ing of biofortified rice varieties [14]. In-depth understanding of the genetic basis 
of mineral elements at the molecular level and the identification of significant 
effects of QTLs can help to speed up the development of biofortified rice varieties 
through marker-assisted breeding [15]. Rice is a model for cereal crops. Vast genomic 
resources are available, including genome-wide single nucleotide polymorphic (SNP) 
molecular markers and various advanced genomic platforms, to enable complex traits 
to be dissected at the molecular level [16]. Several studies to chart QTLs for bioforti-
fied traits include the use of introgression lines (ILs) [17] and double haploids (DHs) 
to uncover QTLs [18]. However, the stability of released genotypes is an important 
consideration to hope for a meticulous performance of released genotypes for stable 
produce for the farmers [19, 20]. Hence, molecular breeding approach for bioforti-
fication of crop offers a sustainable and long-term solution. Also, biofortified crops 
with increased bioavailability of essential protein, vitamins, and micronutrients 
are deployed to consumers through traditional farming and food trading practices, 
thus providing a feasible way to reach undernourished and low-income families with 
limited access to various diets, supplements, and fortified foods [21]. The common 
processes involved in the development of the biofortified rice variety (Figure 1).
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2. Protein content in rice
Grain protein content (GPC) in rice is one of the major factors which decides the 
nutritional value of rice food and influences the palatability of cooked rice [22]. Rice’s 
seed protein content consists of 60–80% glutelin and 20–30% prolamin, regulated 
by 15 and 34 genes, respectively [5]. It supplies about 40% of the protein to humans 
through diet in developing nations, and rice GPC quality is high, owing to lysine rich-
ness (3.8%) [6]. Improving GPC in rice grain is, therefore, a significant goal for plant 
breeders and biotechnologists. More than 20 QTL mapping studies have been con-
ducted in the last two decades to explore the genetic base of the protein content in rice. 
Moreover, to our knowledge, more than 80 stable and consistent QTLs for GPC have 
been identified and mapped on all 12 chromosomes of rice, although most of them 
were mapped on chromosomes 1, 2, 6, 7, 10, and 11 (Table 1). For the first time, Tan 
et al. [28] mapped two QTLs, one in the interval of markers C952-Wx on chromosome 
6, with the phenotypic variance explain (PVE) 13.0%, and the other one in the interval 
markers R1245-RM234 on chromosome 7 with PVE 6.0%. In another study, Aluko 
et al. [29] identified and mapped four QTLs among 312 DH lines derived from the 
BC3F1 of an interspecific cross of O. sativa × O. glaberrima explaining the phenotypic 
variance of 4.8–15.0%. Among the four QTLs, one QTL, pro6, was closely associated 
with Wx gene influencing rice quality. Thereafter, several studies have been conducted 
to map the QTLs regulating GPC in rice [26, 40–43].
Zheng et al. [39] employed unconditional and conditional QTL mapping 
methods to analyse the developmental behaviour of protein content and protein 
Figure 1. 
Summary of the process involved in the biofortification of the rice.
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Cross Population 
type and 
size
No. of 
total 
QTLs
PVE range 
(additive 
effect 
QTLs)
Chromosomes/
chromosome arms
Marker intervals/nearest markers for major QTL (PVE) References
Amino acid content
Indica rice (Zhenshan 97) × Indica 
rice (Nanyangzhan)
RILs (190) 2 QTL 
clusters
4.05–33.3 1, 7 RM472-RM104 (Asp/Thr/Gly/Ala/Tyr/Pro/Lys/Ser/Glu/
Asp/Val/Met/Ile/Leu/Phe/His/Arg/Cys) (5.7–33.3)
[23]
Indica rice (Zhenshan 97) × Indica 
rice (Minghui 63)
RILs (241) 10 
(His) + 8 
(Arg)
12–35 (His); 
16–33 (Arg)
1, 2, 3, 6, 7, 10, 11, 
12 (His); 2, 3, 5, 6, 
7, 10, 11, 12
R321–RM55 (12), RZ398–RM204 (12), RG101–G393 (15), 
C1003B–RG103 (15), RG118–C794 (20), RM53–RZ599 (22), 
RM258–RG561 (22), RG424–R2549 (23), RG528–RG128 
(24), RM20b–C732 (35) [His]; C734b–RZ649 (16), 
R321–RM55 (18), RG424–R2549 (21),RM258–RG561 (21), 
R3203–RM20A (22), RM53–RZ599 (23), RG528–RG128 
(23), RM20b–C732 (33)
[24]
Indica rice (Zhenshan 97) × Indica 
rice (Minghui 63)
RILs (241) 12 3.4–48.8 1, 11 R2632–C39 (Ser) (13.5), RG173–RM81A (Val) (14.5), 
RZ536–TEL3 (Met) (48.8)
[25]
Indica rice (Zhenshan 97B) × Indica 
rice (Delong 208)
RILs (188) 3 QTL 
clusters
4.2–31.7 1,7,9 RM328–RM107 (Asp/Thr/Ser/Gly/Val/Ile/Phe/Lys/Taa) 
(13.2), MRG186–MRG4499(Asp/Thr/Ser/Glu/Gly/ Ala/
Cys/Val/Met/Ile/Phe/Arg/Pro/Taa) (14.4–27.5), RM493–
RM562 (Asp/Thr/Glu/Gly/Ala/Val/Leu/Phe/ Arg/Pro/Taa) 
(24.2 31.7)
[26]
O. sativa (Dasanbyeo) × O. sativa 
(TR22183)
RILs (172) 6 10.2–12.4 3 id3015453-id3016090 (Ala-10.2, Phe-10.6, Iso-11.2, Val-
12.4, Leu-12.4), id3001422 fd10 (Lys-10.8)
[27]
Protein content
Indica rice (Zhenshan 97) × Indica 
rice (Minghui 63)
RILs (238) 2 6.0–13.0 6, 7 C952-Wx (13) [28]
Indica rice (Caiapo) × Oryza 
glaberrima (IRGC 103544)
DH lines 
(312)
4 4.8–15.0 1, 2, 6, 11 RM226–RM297 (15) [29]
Indica rice (Gui630) × Japonica rice 
(02428)
DH lines 
(81)
5 6.9–35.0 1, 4, 5, 6, 7 C22-RG449d (16.5), ZG34B-G20 (22.5), RG435-RG172a 
(35.0)
[30]
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Cross Population 
type and 
size
No. of 
total 
QTLs
PVE range 
(additive 
effect 
QTLs)
Chromosomes/
chromosome arms
Marker intervals/nearest markers for major QTL (PVE) References
O. sativa (V20A) × O. glaberrima 
(accession 103,544)
BC3(TC)
F1 families 
(308)
1 9.0–10.0 8 [31]
Japonica rice 
(Moritawase) × Japonica rice 
(Koshihikari)
RILs (92) 3 2.3–16.3 2, 6, 9 [32]
Koshihikari/Indica rice (Kasalath)//
Japonica rice (Koshihikari)
BILs (92) 2 14.3–14.8 6, 10 R1952 (14.3), R2447 (14.8) [33]
Indica rice (Chuan) × Japonica rice 
(Nanyangzhan)
RILs (286) 2 2.69–4.50 6, 7 [34]
Indica rice (Xieqingzao B) × Indica 
rice (Milyang 46)
RILs (209) 5 3.9–19.3 3, 4, 5, 6, 10 RM251–RM282 (10.5), RM190–RZ516 (19.3) [35]
Indica rice (Zhenshan 97) × Indica 
rice (Minghui 63)
RILs (241) 9 1.60–9.26 2, 3, 5, 6, 7, 10, 
11, 12
[36]
Tongil variety 
(Samgang) × Japonica variety 
(Nagdong)
DH lines 
(120)
3 6.92–22.98 1, 11 RM287-RM26755 (21.21), 11,025-RM287 (22.98) [37]
Japonica rice (Asominori) × Indica 
rice (IR24)
CSSLs (66) 9 3.0–53.7 1, 2, 3, 6, 8, 11 R1982 (10.4–14.2), XNpb113 (12.0–13.8), C1350 (23.6), 
G1149 (13.0–53.7)
[38]
Japonica rice (Asominori) × Indica 
rice (IR24)
RILs (71) 10 8.53–23.70 1, 3, 4, 6, 7, 8, 9, 
10, 12
R265B-XNpb36 (10.50), C1003-C688 (12.67), 
XNpb212-G1318 (13.86), C606-XNpb238 (14.63), 
R1854-R2373 (15.65), XNpb24-C562 (17.60), XNpb338-C796 
(19.59), R758-XNpb15 (19.74), XNpb268-R411 (23.70)
[39]
Indica rice (Zhenshan 97B) × Indica 
rice (Delong 208)
RILs (188) 2 7.2–25.9 1, 7 RM445–RM418 (25.9) [26]
A
gron
om
y
6
Cross Population 
type and 
size
No. of 
total 
QTLs
PVE range 
(additive 
effect 
QTLs)
Chromosomes/
chromosome arms
Marker intervals/nearest markers for major QTL (PVE) References
Koshihikari/Indica rice (Kasalath)//
Japonica rice (Koshihikari)
BILs (182) 4 6.26–12.11 2, 3, 7, 10 R250-C746 (10.04), C16-C809 (11.07), C847-C596 (12.11) [40]
Indica rice 
(Cheongcheong) × Indica rice 
(Nagdong)
DH lines 
(133)
1 39–41 2 RM12532–RM555 (39–41) [41]
Japonica cultivar (CJ06) × Indica 
rice cultivar (TN1)
DH lines 
(116)
1 12.3–15.8 10 RM216-RM467 (12.3–15.8) [42]
Indica rice 
(Cheongcheong) × Indica rice 
(Nagdong)
DH lines 
(133)
3 39–40 8,9,10 RM506-RM1235 (39), RM24934-RM25128 (40), 
RM219-RM23914 (40)
[43]
O. sativa (M201) × O. sativa (JY293) RILs (234) 5 $ 6.74–13.50 1, 2, 3, 4 RM423-RM6375 (11.72), GS3-SLAF13430 (13.50) [44]
Japonica variety 
(Sasanishiki) × Indica variety 
(Habataki)
CSSLs (39) 1# 10.38–15.43 1 RM7124 (10.38–15.43) [45]
Indica rice 
(Cheongcheong) × Indica rice 
(Nagdong)
DH lines 
(120)
1 14 7 RM8261 (14) [46]
Naveen/O. sativa (ARC 10075)//O. 
sativa (Naveen)
BC3F5 lines 
(200)
3 6.70–17.35 1, 2, 7 CSCWR_Os01g02590__61041 (13.85), CSCWR_
Os02g10740_65058 (6.70–17.35)
[47]
Iron and Zinc
Indica variety (IR64) × Japonica 
variety (Azucena)
DH lines 
(129)
GZn-2; 
GFe-3
q 1, 12; 2, 8, 12 RM235–RM17 (12.8), RM34–RM237 (15) [GZn]; RM270–
RM17 (13.8), RM53–RM300 (16.5), RM137–RM325A (18.3) 
[GFe]
[18]
Indica cultivar (Zhengshan 
97) × Indica cultivar (Minghui 63)
RILs (241) GZn-3; 
GFe-2
5.3–18.61; 
11.11–25.81
5, 7, 11; 1, 9 R3166-RG360 (12.34), C794-RG118 (18.61) [GZn]; 
C472-R2638 (11.11), RG236-C112 (25.81) [GFe]
[48]
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Cross Population 
type and 
size
No. of 
total 
QTLs
PVE range 
(additive 
effect 
QTLs)
Chromosomes/
chromosome arms
Marker intervals/nearest markers for major QTL (PVE) References
O. sativa ssp. Indica (Teqing) × O. 
rufipogon Griff.
ILs (85) GZn-2; 
GFe- 1
5–11; 7 5, 8; 2 RM152 (11) [Zn] [17]
Indica rice (Bala) × Japonica rice 
(Azucena)
RILs (79) GZn-4; 
GFe- 4
11.2–14.8; 
9.7–21.4
6, 7, 10; 1, 3, 4, 7 G1082 (11.2), G20 (11.4), AB0601 (14.7), C223 (14.8) 
[GZn]; R1440 (15.5), C949 (16.2), R1618 (21.4) [GFe]
[49]
Indica cultivar (ZYQ8) x Japonica 
cultivar (JX17)
DH lines 
(127)
GZn-2 10.83–12.38 4, 6 CT206-G177 (10.83), RZ516-G30 (12.38) [GZn] [34]
Indica rice (Madhukar) × Indica 
rice (Swarna)
RILs (168) GZn-6; 
GFe-7
29–35; 
69–71
3, 7, 12; 1, 5, 7, 12 RM501–OsZip2 (29), RM7–RM517 (31), RM260–RM7102 
(34), RM234–RM248 (35), RM248–RM8007 (35), RM17–
RM260 (35) [GZn]; RM243–RM488 (69), RM488–RM490 
(69.2), RM574–RM122 (69.2), RM234–RM248 (69), RM248–
RM8007 (69), RM17–RM260 (71), RM 260–RM7102 (71) 
[GFe]
[50]
Indica rice (PAU201) x Indica rice 
(Palman 579)
F2 (247) GZn-3; 
GFe- 8
4.7–19.1; 
2.4–26.8
2, 10; 2, 3, 7, 10, 12 8RM474–RM184 (19.1) [Zn]; RM491–RM519 (16.9), 
RM228–RM496 (18.1), RM53–RM521 (21.4), RM221–
RM208 (26.8)
[51]
Indica cultivar (Ce258) x Japonica 
breeding line (IR75862) and Indica 
cultivar (ZGX1) x Japonica breeding 
line (IR75862)
BILs (200 
and 201)
GZn-4; 
GFe-1
2–24.4; 
10.2–18.3
3, 6, 7, 8; 6, 11 RM293–RM85 (11.1–14.4), RM407–RM152 (11.2–18.0) 
[GZn]; RM3–RM340 (10.2–18.3) [GFe]
[44]
Indica cultivar (Swarna) X Japonica 
rice (Moroberekan)
RILs (60) GFe-1 39 1 RM490-RM5 (39) [52]
O. sativa (XB) × O. rufipogon 
(accession of DWR)
BILs (202) GZn-6; 
GFe-3
5.3–11.8; 
6.1–28.2
3, 4, 6, 7, 10, 12; 
3, 6, 9
RG172-RM340 (11.8) [GZn]; RG123-RG172 (16.7), 
RG510-RZ251 (28.2)
[53]
O. sativa (Nipponbare)/O. 
meridionalis (W1627)//Nipponbare
BRILs (151) GZn-4 15.0–21.9 2, 9, 10 RM171-RM590 (15.0), RM573 (15.2), RM6 (17.6), 
RM24085-RM566 (21.9)
[54]
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type and 
size
No. of 
total 
QTLs
PVE range 
(additive 
effect 
QTLs)
Chromosomes/
chromosome arms
Marker intervals/nearest markers for major QTL (PVE) References
Indica cultivar (PSBRc82) x Korean 
rice (Joryeongbyeo) and PSBRc82 x 
Indica breeding line (IR69428)
DH lines 
(130 and 97)
GZn-8; 
GFe-1
7.5–22.8; 9.4 2, 3, 6, 8, 11, 12; 4 2,140,834–2,147,095 (10.3), 13,048,465–13,057,679 (12.3), 
8,803,052–8,832,534 (14.3), 6,025,827–6,047,367 (15.3), 
606,341- id6006214 (16.1), 2,110,566-id2009463 (17.3), 
2,783,884–2,785,595 (20.3), 10,858,811-id11000778 (22.8) 
[GZn]
[55]
Indica cultivar (IR64) × Breeding 
line (IR69428) and Indica cultivar 
(BR29) × Breeding line (IR75862)
DH lines 
(111 and 
146)
GZn-8 8.6–27.7 2, 3, 5, 7, 8, 9, 11 wd9002310–9,831,169 (10.3), 5,645,339–5,648,872 (11.5), 
2,048,774–2,054,640 (12.2), 3,538,410–3,548,096 (12.2), 
7,062,019–7,089,136 (12.6), 5,027,770–5,077,125 (18.4), 
10,907,196-id11001107 (27.7) [GZn]
[56]
Indica rice (PAU201) x Indica rice 
(Palman)
F4 
Population 
(579)
GZn-1; 
GFe-5
25; 
34.6–95.2
6; 5, 7, 9 RM585-RM3 (25) [GZn]; RM2488-RM440 (64.1), 
RM440-RM31 (95.2), RM440-RM31 (95.2), RM432-RM429 
(95.2), RM566-RM434 (36.6) [GFe]
[57]
Table 1. 
List of QTLs identified for biofortification traits in rice.
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index in rice. At four stages of grain filling, viz. 7, 14, 21, and 28 DAF, they 
mapped 10 unconditional QTLs and 6 conditional QTLs, explaining 8.53–19.59% 
and 8.76–23.70% of PVE for GPC, respectively, and 11 unconditional QTLs 
and 9 conditional QTLs explaining 7.46–16.97% and 7.46–18.88% of PVE for 
protein index, respectively. A strategy to detect more QTLs for rice grain qual-
ity within subpopulations [44]. Xu et al. [58] detected a total of 29 QTLs in the 
whole population and 10 QTLs in the two subpopulations for 7 traits, 4 of which 
(1 qPRO3.1 for protein content) were detected in the entire population but the 
remaining 6 QTLs were not. These six QTLs with minor effects might have been 
covered by the Wx locus when mapped in the whole population. In addition to 
usual biparental populations such as recombinant inbred lines, backcross inbred 
lines, and doubled haploid lines, advanced population, i.e. chromosome seg-
ment substitution line (CSSL) populations, has also been employed [45]. Yang 
et al. [45] used a CSSL population derived from the cross of a Japonica variety 
(Sasanishiki) with Indica variety (Habataki) and identified a total of seven 
QTLs in three environments, although only one QTL (qPC-1) was detected 
across three environments explaining 10.38–15.43% of PVE. Furthermore, they 
developed F2 and F3 segregating populations from the cross between a CSSL with 
low PC, SL402, harbouring qPC-1 and Sasanishiki, and delimited the region of 
qPC-1 to a 41-kb on chromosome 1. These results may be helpful to introgress 
the QTL for GPC into rice cultivars using marker-assisted selection. In one 
study, Bruno et al. [46] observed compromised heritability percentage for pro-
tein while higher heritability percentage for the amylose content in a DH popula-
tion derived from a cross between Cheongcheong and Nagdong. They mapped a 
QTL for GPC on chromosome 7 linked with the marker RM8261, explaining 14% 
of PVE.
As has been shown by previous studies, identification of robust QTLs for 
GPC in rice grains has been restricted because of lack of appropriate donors, 
non-utilisation of high-throughput phenotyping and genotyping platforms, and 
high genotype × environment (G × E) interaction. To overcome these restrictions, 
recently Chattopadhyay et al. [47] genotyped a BC3F4 mapping population derived 
from the cross between grain protein donor, ARC10075 and high-yielding cultivar 
Naveen, using 40 K Affymetrix custom SNP array, and identified three stable 
QTLs (viz. qGPC1.1, qSGPC2.1, and qSGPC7.1) for GPC explaining 13, 14, and 
7.8% of PVE, respectively. QTLs identified in this study can be useful to improve 
the nutritional quality of rice grain. The closely linked markers that flanked the 
identified QTLs can be used to aid quality selection in breeding programs. And 
the results of the coincidence between the QTL detected, and the loci involved in 
protein biosynthesis pathways, might be helpful for gene cloning by the candidate 
gene method.
3. Amino acid content
In addition to GPC, improvement in the amino acid composition is important 
to meet the food demands of a growing global population. A major function of 
proteins in nutrition is to supply adequate amounts of required amino acids [59, 60]. 
Depending on requirement and availability in animal metabolic processes, essential 
amino acids cannot be synthesised by animals, but play a crucial role in metabolism 
[61]. Therefore, improving amino acid content in rice grain is an important objec-
tive. Several studies using the linkage mapping approach with various mapping 
populations have provided useful genetic information for improving the amino 
acid composition (AAC) in rice grains. Wang et al. [23] identified 18 chromosomal 
Agronomy
10
regions for 19 components of AAC in 2 years, viz. 2002 and 2004. They found a 
total of 10 QTL clusters in 2002 and 6 in 2004.
Interestingly, they also detected a wide coincidence between the QTLs and 
the loci involved in amino acid metabolism pathways, including N assimilation, 
transfer and protein biosynthesis. In a similar study, Zhong et al. [26] reported 
48 and 64 QTLs, each contributing 4.0–43.7% to the total phenotypic variance, 
in 2004 and 2005, respectively. They also reported good coincidence between the 
detected QTL and the loci involved in amino acid metabolism pathways in nitro-
gen assimilation and transport, or protein biosynthesis. In another study, Zheng 
et al. [24] mapped a total of 10 QTLs explaining 12–35% of PVE for histidine on 
chromosomes 1, 2, 3, 6, 7, 10, 11, and 12 and 8 QTLs explaining 16–33% of PVE for 
arginine on chromosomes 2, 3, 5, 6, 7, 10, 11, and 12. All QTLs showed significant 
additive effects from the triploid endosperm and diploid maternal plant, while two 
QTLs for histidine and two for arginine content also showed significant dominant 
main effects from the triploid endosperm. Various interactions between QTLs and 
the environment were detected for five QTLs associated with histidine content and 
two QTLs associated with arginine contents. QTLs associated with amino acid con-
tents and linked/flanking markers are summarised in Table 1. Recently, Yoo [27] 
mapped a total of six main-effect QTLs located on chromosome 3, contributing 
10.2–12.4% PVE for the content of six amino acids. The QTL cluster (qAla3, qVal3, 
qPhe3, qIle3, and qLeu3) in the interval of markers id3015453 and id3016090 was 
found to be associated with the contents of five amino acids and accounted for 
PVE from 10.2 to 12.8%. Although they also detected 26 digenic interactions for 
the content of 7 amino acids, viz. Asp, Ser, His, Gly, Arg, Ala, and Tyr, involving 
25 loci distributed on the 9 chromosomes, but they did not find any interaction for 
the other 9 amino acids. Therefore, these identified QTL results will be useful to 
find the candidate genes and favourable alleles for the enrichment of nutritional 
value in rice grain.
4. Zn and Fe contents in rice
Zn deficiency in grown-up children and adolescent males causes retarded 
growth and dwarfism, retarded sexual development, impaired sense of taste 
and poor appetite, and mental lethargy [62]. Several roles of zinc are found to be 
involved in an abundant number of proteins in biological systems to maintain their 
structural stability function. It has been found that Zn is essential for gene regula-
tion and expression under stress conditions and is therefore required for protection 
against infections and disease [63]. Likewise, iron has so many vital functions in the 
body like as a carrier of oxygen to the tissues from the lungs [64].
In last two decades, more than 80 QTLs have been identified and mapped 
on all 12 chromosomes of rice for zinc and iron contents using various map-
ping populations derived from different intraspecific and interspecific crosses. 
QTLs associated with zinc and iron contents and linked/flanking markers are 
summarised in Table 1. As per our knowledge, for the first time, Stangoulis 
et al. [18] mapped two QTLs for Zn and three QTLs for Fe on chromosomes 1, 
2, 8, and 12 explaining 12.8–15% and 13.8–18.3% of PVE, respectively. Besides, 
Garcia- Oliveira et al. [17] detected one major effect QTL explaining the most 
significant proportion of PVE (11–19%) for zinc, flanking SSR marker RM152 
on chromosome 8. In other various studies, several QTLs have been reported 
which explained a large amount of PVE either for zinc or for both iron and zinc 
contents [34, 48–52].
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Ishikawa et al. [53] mapped four QTLs on chromosomes 2, 9, and 10 explaining 
15.0–21.9% of PVE for grain zinc content using backcross recombinant inbred lines 
(BRILs) derived from O. sativa ‘Nipponbare’ and O. meridionalis W1627. Further, 
they fine-mapped QTL (named qGZn9) present on chromosome 9 and identified 
two tightly linked loci, qGZn9a (candidate region-190 kb) and qGZn9b (950 kb). 
They also showed the association of wild chromosomal segment covering qGZn9a 
with fertility reduction, and hence they recommended the use of qGZn9b as a 
valuable allele for breeding rice with high Zn in the grains. In another study, Swamy 
et al. [55] identified 20 QTLs for agronomic traits and total 59 QTLs for several 
biofortification traits including 8 QTLs for grain zinc and one QTL for grain iron, 
mapped on chromosomes 2, 3, 4, 6, 8, 11, and 12. They also detected eight epistatic 
interactions for Zn, Cu, Mg, and Na in a double haploid population.
Furthermore, they identified several candidate genes near grain zinc QTL 
(OsNRAMP, OsNAS, OsZIP, OsYSL, OsFER, and OsZIFL family), which may be use-
ful for marker-assisted breeding for this important trait. Recently in 2019, two critical 
studies were conducted; in the first study, Descalsota-Empleo et al. [55] phenotyped 
two DH populations at two seasons and genotyped with a 6 K SNP chip and identified 
a total of 15 QTLs for agronomic traits and 50 QTLs for grain element concentration 
including 8 QTLs explaining 8.6–27.7% PVE for grain zinc. They also analysed the 
combined effect of QTL in both populations. Among the single-QTL lines, those with 
qZn9.1 showed highest mean grain Zn of 18.1 and 19.1 mg kg−1 in two consecutive 
seasons, respectively. They reported an increase in the content of zinc with the increase 
in number of QTLs and observed highest grain Zn of 28.2 and 24.3 mg kg−1 in two 
seasons, respectively, in four QTL lines (qZn2.1 + qZn5.1 + qZn5.1 + qZn11.1). Their 
results showed the possibility of QTL pyramiding for improving the zinc content in 
rice. In another study, Kumar et al. [57] detected one QTL for Zn and five QTLs for Fe 
having PVE 25% and 34.6–95.2%, respectively, using F4 population (579 individuals) 
derived from a cross between PAU 201 and Palman. These identified QTLs can signifi-
cantly enhance the efficacy of breeding programs to improve the Zn and Fe density in 
rice. The Zinc fortified rice varieties are released globally (Figure 2).
Figure 2. 
Map showing countries where zinc-biofortified rice varieties are released and being tested (information taken 
from HarvestPlus).
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5. Phytic acid
Phytic acid is an essential constituent in staple foods like legume and cereals, which 
has been of much concern [57]. In addition to its beneficial effect on human health, it 
has some anticancer and antioxidant functions and prevents coronary disease, and it 
is well known that phytic acid acts as strong chelating agent of mineral nutrients such 
as Ca, Zn, and Fe [65]. It has been seen that due to the presence of complex of phytic 
acid, in the form of phytate, there is a significant reduction found in bioavailability of 
nutrient elements [66]. It seems reasonable to control phytic acid contents in edible 
parts of crops to a level in which the medical and health functions of the food may be 
maintained and bioavailability of minerals is not much altered [67].
Liu et al. [68] assayed 72 cultivars for protein content and phytic acid and 
reported a wide range for phytic acid ranging from 0.685 to 1.03%, with an average 
of 0.873%. Interestingly, grain phytic acid and protein content were not correlated, 
which suggests the possibility of breeding rice for phytic acid and high protein 
content. Furthermore, they also reported a significant effect of varieties, locations, 
and their interactions on phytic acid content, with the location having the most 
considerable impact which suggests the necessity of multi-environment trials for 
the accurate evaluation of rice germplasm for phytic acid content.
Although sufficient genetic variation for phytic acid has been reported in 
various studies [68, 69], unfortunately, only one study has been conducted to map 
the QTLs for phytic acid in rice [18]. Stangoulis et al. [18] identified two QTLs 
explaining 15.4–24.3% of PVE for grain phytates from an IR64 × Azucena double 
haploid population. One common QTL for phytate and total P concentrations on 
chromosome 5 with the (high concentration) allele contributed from Azucena was 
identified. Furthermore, it was reported that Fe, Zn, and Mn contents in grains 
have different genetic regulation because the QTLs of phytate were not located on 
the same chromosomal regions as those found for Fe, Zn, and Mn [18]. So, there is 
a great possibility to find segregants having a low level of phytic acid and high level 
of Fe, Zn, and Mn content. Use of molecular marker in the breeding and selection to 
reduce grain phytic acid and improving the nutritional value of cereal grains.
6. Conclusions and future prospects
Biofortification is a promising, cost-effective, agricultural strategy to improve 
the nutritional status of the world’s undernourished populations. Strategies for 
biofortification based on crop breeding, targeted genetic manipulation, and/
or mineral fertiliser application have great potential to address human mineral 
malnutrition [70–72]. Developing biofortified food crops with improved nutrient 
content such as increased content of iron, zinc, Se, and provitamin A provides 
adequate levels of these and other such micronutrients that are often lacking in 
developed and developing diets. International initiatives, such as the CGIAR centres 
in collaboration with HarvestPlus and national initiatives, serve as pillars for 
achieving these objectives. These efforts have resulted in crops with the potential to 
increase both quantities and bioavailability of essential mineral elements in human 
diets, particularly in elementary cereal crops such as rice, wheat, maize, cassava, 
beans, and sweet potatoes. However, crop biofortification is a challenging task. 
Collaboration between plant breeders, nutritionists, genetic engineers, and molecu-
lar biologists is essential to achieving this. Breeding approaches are generalised and 
easy to accept and have been used to improve food nutritional qualities sustainably. 
Although greater emphasis is placed on molecular breeding-based approaches of 
which success rates are much higher as transgenically fortified crop plants, it faces 
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hurdles due to consumer acceptance and costly and time-consuming regulatory 
approval processes adopted by different countries. Biofortified crops have a very 
bright future in addition to these challenges, as they have the potential to eliminate 
micronutrient malnutrition among billions of poor people, particularly in develop-
ing countries. Overall developmental process of the biofortified rice variety are 
presented in Figure 3.
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